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SOME INVESI'IGATIONS OF THE GENERAL INSTABILI‘I‘Y OF STIFFZEWED MEI‘AL CYLINDERS
VIII — STIFFENED METAL CYLINDERS SU.BJECTED TO PURE TORSION
By Louis G, Dunn,

SUMMARY

- An experimental investigation of the general Instability of reinforced
thin-walled metal cylinders was carried out at the California Institute of
Technology. The baslc parameters involved were the spacing and sectional
properties of the stiffening elements, the wall thickness, and the diame~
ter of the cylinder. An analysis of the experimental data led to a suita—
ble parameter for estimating the general~instability stress Of reinforced
metal cylinders when subjected to pure torsion loading. .

 INTRODUCTION

" The' presen‘c repor‘t deals with the experimental investigation of the
general instabllity of metal cylinders subjected to pure torsion loading.
Réports of ‘other loading conditions, that is, pure bending, combined bend-
ing and transverse shear, and combined bending and torsion, have been pub—
lished previously (references 1 to 7).

Inasmich as & condition of a pure. torsional load'seld:om arises fn the

‘design of fuselage or wing structures, the problem of pure torsion as such
might pot warrant an Iinvestigation. Howevér, tunder a combined loading of
bending and torsion (reference 7) the ultimate load of the stiffensd oyl—
inder is dependent on the ratlio of the shearing stress at failure for com—
bined loading to the shearing stress at failure for pure. torsion. ZHence,
in order to predict the ultimate gtrength of a atiffened metal cylinder
subjJected to combined bending and torsion, a knowledge of.the ultimate
strength of +the cylind.er when sub.jected. t0 e pure torsion loading is nec—

" essary.

Because of the nonlinearity of the buckling problem of stiffened. cyl—-
inders (cf. references 5 and. 8), no attempt has been made to give a theo—
retical treatment of the problem. As given in the present ¥eport, the —
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peramster for predicting the ultimate strength of stiffened metal cylin-
ders subJjected to torsion loads 1s based on an anelysis of the experi-
mental results and on the existing theory of unstiffened metal cylinders.
Thls method was preferrsd over that of a linearized theory which cannot
correctly describe the behavior of the structure. The results of a lin—
ear theory would have to be modified and corrected to bring it into
agreement with the experimental observations and thus the theory would
immediately be rendered an empirical method.

This investigation was carried out by the California Institute of

Technology under the spomsorship and with the fipancial assistamce of
the National Advisory Committee for Aeronautics.

SYMBOLS

M applled torsional moment, inch-pounds
MTcr applied tbrsiqnal‘moment at’ skin buckling, inch-pounds

MTmax applied torsional moment at failure, inch-pounds

T shearing stress in the sheet covering, pounds per squere irch
Top buckling shear stress of the sheet covering, pounds per square inch
Tmax shearihg stfees in the sheet covering at failure, pounds per square

~inch

Oy tensile stress of disgonal—tension field; péunds per agquare inch

P -tension load resulting from ot eacting over a. umpit circumferextial
width of sheet; acts in the direction of cos «, pounds

longitudinal component of P, pounds.

H
Py circumferential component of 'P, pounds
o angle of diagonal—tension field with reference to a longitudiral

stiffensr
€gt otrain in a.longitudinal stiffenér
G shear modulus, pounds per square inch

E Young's modulus, pounds per square inch
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Gg effective shear modulus, pounds per square inch

t thickness of sheet covering, inches

A area enclosed by sheet covéring, squére_incheé
R radius of cylinder, inches |

L length of cylinder, inches

b spacing of longitudinals, inches

da spacing of frames, inches |

Py radius of gyration of & longitudinel and effective sheet, inches

radius of gyration of a frame and effective sheet, inches

DESCRIPTION OF APPARATUS

All tests were conducted in the combined bending and torsion machine
of the structures laborstory et GALCIT. This machihe has a maximum
capacity of 500,000 inch-pounds. A detailed description of the machine
is given in reference 2. A photogreph (fig. 1) shows a lO-inch-diamster
cylinder mounted for a pure—torsion test. SRR e =T

The wire~strain-gage equipment, as used for the strain measurements,
has been described in reference 6. The circumferential position of the
various gages is shown in figure 2. Longitudinally the gage is mounted
at the center of the specimen.

TEST PROCEDURE

The test specimens were all circuler reinforced metal cylinders.
Two slzes of gpecimens were tested, one series having a dlameter of 32
inches and a length of 64 inches, and the other series, a diameter of 20
inches and a length of 40 inches. The sheet covering was 0.010-, 0.015~,
and 0,020-inch—~thick 2LST dural. The longltudinal reinforcing members
consisted of round 24ST dural tubing drawn to an elliptical shape and
the frames consisted of rectengular bars of 2u4ST Alcled. ILongitudinsls
of three different wall thicknesses and frames of two different sizes
were used. A sketch of the reinforcing members is presented in figure 3.
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A dlasgram showing & sheet panel bounded by two longitudinal stringers and
end mounting rings is presented in figure 4(ae). The relationship of the
forces acting on an element of sheet of unit width is given in figure 4(b).
In table I the sheet thickness, the reinforcing members, and thelr spacing
are listed for each specimen. Stress—strain curves of the materials used
in the teests are shown in figures 5 to 12.

All test specimens were tested in the combined torsion and bending
machine mentioned previously. In the pure toregion loading, the bernding
arms and one torsion arm were locked in place, the load being applled to
the second torsion arm. In sll teste, shear stresses in the sheet cover—
ing were not measured, inzsmuch as it was assumed that a calculation of
the shear stresses based on the classical formula

T = Mp/2At (1)

would be sufficlently accurate. Strain meagurements of the induced
stresses in the longitudinal members were made on all specimens, the
strain measurements belng made by means of electric strain gages as de—
scribed in reference 6. For a number of specimens, the unit angular
deflection as a function of the epplied torgque was measured. By measur—
ing the differentiel displacement betwesn two pointers mounted on the
cylinder, the unit angular deflection could be celculated. The pointers
conglgted of triangular frame structures and are shown mounted on the
specimen in figure 13. Mounting these pointers on the cylinder just in-—
board of the end-rings ensured that the entire measured deformation oc—
curred in the cylinder.

The effective shear modulus was calculated in the .following manner:
Ir

I length of the pointer measured from the center of the cylinder,
inches .

5 measured differential displecement between the two pointer, inches
2 distance between the pointers, inches

then the unit angular displacemenf 1s given by

6 = —

1t

and the effective shear modulus is
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Some attem@ts were made to measure the wave, form of the buckled
sheet as a function of the applied torgue; however,’ conﬁiderab}g_d;ffi—
culty was encopntered ‘in these measurements, primarily becalise ‘of :the .
nonuniform‘buokling which occurred over the cylinder. ' It was found. that,
. in the testing of & ¢ylinder, buckling of individual panels, that: dg, &
sheet panel boutided by two fremes and two’ longitudinals, ‘would vary by as
much as 100 percent. "For this reagon it was thought ‘that. & meagugemen&
of the wave form and wave amplitude as a function of the applied. lcad
would be rather meaningless. Photographs of & nimbey of typiecsl- fa;lures

‘are shqwn 1n figures l3 tc 17

-N'TEST BEsﬁi¢S} )

ey . LN -

. Rasults of the induced longitudinal strain as’a funcﬁlon of the ap—

..plied torsional moment ‘are shown for 17 apecimens in figures 18 to 3h
Fach curve, repreeents the average:of two strdin gegos mcuniei on &1amet-

rically opposite stdes -of the 1ongitudinal stiffenér o Lo

The .induced strain is associated.with the shear buckles 1n the sheet
cqvering "It cén be’ readily :seen ;that upon buckling of the sheet, longi~
tudinal. forces Which ‘act on.'the end mounhing ‘Fings ‘ere- introdiced by the
-sheet’ covering ‘Thege forces. heve-a tendency t6 pull theend mounting ~

rings together and, since such a motion is’ resiste& by the longitudinsel
-stiffensrs, the ‘result’ is' an: induced strgin in these n&hbers. In the

. -appendix somp calculations have been worked out orni’ thé magnltude, of. the
.-resulting strqins The calculated values do not’ agree to0: weld numeri—

‘cally with thé- méasure& values, hﬁwever, ‘the order of magnitude ie cor—'

_r@ct- o R SRR e .jr IR

e tweler L e T :_--

4 ‘\‘r" RS-

- The-: results of induced strain as'a functlon of applie&-tqrque have
.been croas—plotted ag shown in figures 35. to h6 The strain was” plotted
radially outward with the eylinder circumferonces as the zerd “re¥eronce
line., TheBe curves ‘indicate that in general the induce& strain is-&is—
tributed uniformly around the eylinder. R SR i s ;

In_additién to the foregoing test data, the messurements of the ef-—
fective. shear modulus as a function of the shearing stress in the sheet
covering are given in figures: AT to 53. At the lower shear-stress values,
the results aye not very reliable because of the difficulty in measuring
the resulting small deflections. At the higher values of T the results
are sufficiently acourate to indicate the order of magnitude of the
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effective shear modulus which may result in en actual structure. It is
of interest to note that the effective shear modulus G is considerably
less then 0.625G, which is the theoretical value for the fully developed
dlagonal—-tension field of a flat plate,

In presenting these experimental data, it would be more apporpriate
to use the ratio T/Tcr rether thean T or My since all the measured

quantities are associated with buckling. However, as previously men—
tioned, for the oylinders tested, buckling did not occur uniformly over
the cylinder at a definite load. The buckling process was progressive
and uniform buckling occurred, for some specimens, at more than twice the
load at which the first buckles appeared. For this reason, it was not
rosslble to establish a definite observed buckling value.

In determining a parameter for predicting the genersl instability
fallure in toraion, the same general procedure was followed as was used
in the pure-bending investigation of reference 5. The variables to be
consldered are the same as those of the pure-bending problem and can
again be divided into two groups, namely, those dealing with the geom—
etry of the structure and those involving the sectional properties of
the stiffening elements as well as the sheet covering. The geometrical
varlables are the longitudinal spacing b, the freame spacing 4, the
diameter, and the length of the cylinder. The second group of variables
includes the section properties of the longitudinals and fremes and the
thlckness of the sheet covering. < :

A number of specimens were tested in which the geometrical variables
b and & were systematically varied while R was kept constant-and
equal to 16 inches. The results of these teste ylelded a family of
curves as shown in figure 54 where the shearing stress 1n the sheet cov—
ering at failure is plotted as a function 'of the longitudinal spacing b
for constant values of 4/b. An.examination of these curves indicates .
that, if the abscissa value of each curve 1s multiplied by an appropriate
expansion factor K, ' all curves can be made to coincide with, for exam-
ple, the curve of d/b equal to 0.394. A log~log plot of the expansion

factor K as a function of d/b indicated that K varles as Jd/b. A
plot of "1/K as a function of 14/4/b gives the linear veriation indi-—
cated in figure 55. A plot of Tpyy as & function of ,/bd is shown in

figure 56 and indicates that the test results scatter about a common
curve. ' ‘

The next question is, in what mammer dces the radius R influence
the failing load? For the buckling of unstiffened cylinders subjected
to pure torsion, the experimental results of referenmce 9 indicate that
for values of L/R equal to and greater then 3,2 the buckling stress

Tr Vveries approximately as (t/R)a 4 t/L. as shown in figure 57. It
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was therefore assumed that, for identical values of b, 4, py, and Pys

the critical shearing stress for the general instability of a stiffened
cylinder would vary as the reciprocal of Ra/ 4 In order to verify this
assumption, a number of tests were conducted on l6—-inch-—radius gpecimens
and va.rioue values of 4 and b.. A plot of Tpay &8 & function of

Jod R2/% for the 10— end 1é~tnch specimens . ig shown in figure 58, Theise'_
results indlcated that the a.esumption was Juetiﬁed and it was theroforse
concluded that the parameter for Dred.icting genera.l instability in tor* T

gion is of the form I .

From dimensional reasoning, it follows that the func'bion f(px,py) must Ve

have the dimensions of the 7/4 .power of a length The simplest assump—-
tion for the function WHich determines the 1nfluence of the section pa.ram-
eters, Px . ‘and. . Py, 1s that it depends on only the geometrical mean = -

ue o/ py py. The parameter therefore appee.rs in 'bhe form_' T

px py' px py : .:..:f“'..:‘_. ~..'. e e

In checking the va.lidity of this pe.rameter, it is necessary to evaluate
the amount of sheet acting with the frames esnd longitudinasls in order to
calculate px and py. It is quite difficult to evaluate by analytic
means the amcunt of sheet acting with the reinforcing members; trial cal—
culations indicated that the best res.ults were o'bta.ined. if the totel
width of sheet was uged. . Eor 'bhls reason pxy -and, py were. calculated
with the entire width of sheet assumed. to be effec'bive. The veriation of
Py and Py w’ith flat. sheet a‘.ssu:med., as & function of the effectlve '

wildth of sheet ..w, is shcwn :Ln figures 59 to 63

Specimens were aleo.teste& in which both the sheet thickness and seo—
tional properties’ of the longitudinals were varisd. The results of all
tests are shown plotted in figure 64. It is seen that up to values of
10,000 pounds per square inch all test values secatter closely about a
straight line. For higher values of Tmax Tthere 1s a sudden shift in
the experimental values. However, the majority of tests again follow a
straight lins having the same slope as the line corresponding to the
lower values of Tmax‘ Since the observed diagonal~tension field varied

between about 30° to 50°, it is seen from equation (3) (see appendix)
that for a shear stress of 10,000 pounds per squars inch the correspond—
ing tensile stress would be between 20,000 and 23,000 pounds per squsare
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inch. It was thought that this tensile atress might be sufficiently close
to the proportional limit of the sheet coverirg to explein the sudden
shift in the experimentel values, However, an examination of the stress—
strain curves (figs. 9 to 12) indicates that the tensile stress at =
shear stress of 10,000 pounds per square inch is well belcw the propor-
tional limit.

A more desirable presentation of the test data would be to plot

3/4

o
11;@*3‘ against (“/ -L_.I) , ©&ince Tmax/GE corresponds to the
B

shearing strain . 7. Such & presentation would be more general and would
allow for materials of different physicel properties or for changes in

the physical properties abowe the proportionsl limit, It had not been re~—
allzed at the beginning of the test program that -it would be desirable to
obtain a meesure of T/Gg at failure. For this reapon angular deforme—
tions were measured on only a number of specimens. Not enough measure—
ments are available to meke such & plot. A plot of Tyax/E as a func—

3/4

tion of V/KJ&-dl(%{gx_wZ> is given in. figure 65. The value of E

in this figure corresponds to that of the sheet covering and was taken as

107 pounds per squaere inch, since’ this is very close to the actual test -
values obtained for the sheet.

It. gshould be noted that the curve of figure 65 as presented is
strictly applicable to the eluminum alloys tested. However, an estimate
of the falling stress of a reinforced cylinder of different material can
be obtained by calculating the numerical value of the parameter and ag—
certaining the value of 7max/E from the cuxrves of figure 65.

CONCLUSIONS

The over—all general—inatability test program was undertakep to fur-
nish the designer with sufficlent informaticn to enable him to make an
estimate of the allowable general—instability stress of a reinfoyced
metal cylinder. With the completion of .the pure~torsiom—-loading program
sufficlent information is available to estimate the general—-imstability
stress for a variety of loading conditions, that is, pure berdirg; pure
torsion; combined bending and torsion; and combined bending, traggverse
shear, and torsion,
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The quantities involved 1in the parameter were all varied through a
sufficient range to verify the generality of the parameter. The sudden
break which occurs in the sumeary curve of general—instabllity failure
has not been adequately explained. However, it is thought that it is
connected with a variation in the physicel properties of the various
structural selements of the reinforced cylinder rather than a breakdown
of the parameter. The reason for this statement is that of the elght
specimens which falled above a shear stress of 10,000 pounde per square
inch, one gpecimen falls on the original curve and the other seven on a
curve which is parallel to the original curve. Ths parsmeter as derived
does not itself give the numerical value of the ultimate stress, but de-
fines essentially the slope of the ultimate-stress curve. If the shear—
ing stress at failure Tpax Wwere replaced by a measured shear—strain

deformation the experimental results might fall on a single curve. If,
for example, in the pure—bending parameter of reference 5 the measured
unit strain wers replaced by a calculated stress corresgponding to the
ultimate bending moment the experimental results would not fall on a
aingle curve. :

California Imstitute of Technology,
Pasadens, Calif., March 5, 1946.

APPENDIX
INDUCED LONGITUDINAL STRAIN

In considering & sheet panel bounded by two longitudinal stfingers
and the end mounting rings as shown in figure L(a), 1t can be seen that,
upon buckling, the diasgonal-tension field Produces horizontal components
of force on the two end rings. The end plate to which one mounting ring
is bolted is fixed to the base of the testing machine; whereas the other
end plate is mounted on rollers and is free to move. Therefore, the hor—
izontal force components mist be resisted by the longitudinal stiffeners.

By considering an element of sheet of unit width (fig. 4(b)), the
following relations can be derived:

P=+t of cos a
Py=Psina=t Oy slnacos'a=1% T

" from which
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oy = T/8in a cos a = 27/sin 2% - (3) .

 Pg=P coé o= b ?t cog® a = t_ﬂwcot”m

Since the diagonal-tension field exists cnly be;ond the buckllng
stress Tor it follows that ' : R

.Pﬁﬁﬁlt(ﬁ - ?br)JGOt a - .: oL .
The total hdrizontal cbmponent of’force arouga thélcircumferenCG ig

PHt ob. = 2x Rt(T - Tér) oot a .

And the unit atrain in the lengitudinala is- given by._

¢y = 25 (T_= Ter) oot o o (W)
Rodgy Boos
where
n nunber of longitudinals
Agy area of a longitudinel = . . - . .00 L

By using the relation of equation (1), equation (4) oan be writben
in the form, . . . o
1V (MT MIcr) cot. @ - - L
Jist,u R AL _(5)
. n'R ABt E ‘ _ L

: In order to compare “the values of unit etrain given by equation (5)
with. exparimental values, it is neceesary to know the value of Mpgpe

For purposes of comparigon, the valus-of the moment’ at’ which a sharp
charige - bccurs in theé slope of the moment—strein-cirve was considered to
be Mpey. A comparigon of messured and calculated unit strainsg is pre-

gented in figures 66 and 67. For the calculated strains, the value of

« wag egsumed %o be h5°. It is seen that for the particular stiffeners

of figure 67 the agreement is quite good; whereas for the two gtiffeners .
of figure 66 the agreement is rather poor.arA.checkoof available photo-

graphs indicated that o varied between 300 and 50~ depending on ths
reinforcement spacing. By using the appropriate valus of «, therefors, '
a closer agreement may be obtailned., For example, the valuwe of o Ffor

specimen 208 appeara from the photographs to be slightly greater than
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45° and for specimen 209 slightly less than 45°, Ims both cases, these
angles tend to improve the agreement between calculated and measured val—~
ues. For specimens 196 and 200, photographs are not avallable.

It should also be noted that there is considerable variatiom in the
nmeasured unit strain between longitudinals for a given test specimen.
It is thought that, in general, equation (5) will give values sufficient—
1y accurate for design purposes provided the correct value of e is used.
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TABLE I
Specl—| SEILP- | prome 4-1:: al /o | [ s¥*| raw® | o, oy | (oxny /e /El[@r t My, T max |
wsn soer W] R mAY
19 2 | (| 5.12 | &| b.52| 16] 8.0 36,1 | 0.106L |0.0260( 0.0055% 16. k5x10® 0.010 |20.70x10°% 6,600
162 S2 2.56 | 4| 3.20] 16| 8.0 25.6 Jd160 | L0269 . 00648 25.3 .010 |13.00 8,100
171 5 2.56 | 4| 3.20| 16] 8.0 25.6 JA1Ls | 069 .00836 24,80 .010 |11.85 7,380
115 8y 2,56 | 8| k.52[ 16| 8.0 36.1 JA1h5 | .023% | 00563 15.6 ,010 { 8.00 4,970
176 8y 2.56 | 2 2.26(16 8.0 18.075| 45 | 0285 .00670 37.05 .010 {15.80 9,840
177 8y 5.2 |16 8.98|16{ 8.0 | TL.9 0967 01734 .00373 5.19 .15 | 5.00 2,070
178 8; 5.12 | B 6.36] 16| 8.0 50.9 .0967 | 0218 00455 8.4 015 | 7.50 3,120
179 By 5.12 | 4| 4.52]16] 8.0 36.1 L0967 | 0262 00536 | 1k.8 L015 |10,90 4,510
180 \ 8, 5.2 | 2] 3.20] 26 8.0 25.6 .0967 | 0289 00584 22.8 .015 117.00 7,040
181 S, 5.12 16| B.98( 16] 8.0 7.9 0915 | .01%e5  .00318 1 1) .020 | 7.30 2,270
182 5y, &;ﬁ 522 | 8| 6.36]16(8.0% 0.9 | .0915 | .0202| 0006 7.97 020 | 9.25 2,890
183 - 5.2 | &} k52161 8.0 3.1 L0915 | 0251 | .004oL 13.6 020 [13.50 4,190
e s, 512 | 2| 3.20{ 16| 8.0 | 25.6 | .0015 | .0o80| 00556 21.7 020 2333 7,010
185 8, 5.2h | 8| 6.88| 10| 5.62] 37.% L0061 | 0213 00453 12.1 .015 | 3.80 k025
w6 | s 5.26 | b| 4.58|10]5.62| 258 | .o06L| .0o62| 00533 ]  20.6 015 ]| 630 | 6,60
187 g, 5.2k | 2| 3.24|10|5.62| 1B.2 | .0961 | .0289| .00581 3L.9 .015 | 8.90 9,500
189 8 10.2k |32 |18.1 | 16| 8.0 | 1kh.g -0895 | .ou43 | 00296 2.0k 010 | 1.30 810
——1 190 8, 10.2L {16 |12.8 | 16| 8.0 | 102.5 .0899 | .0188 00376 3.67 010 | 2.50 1,560
- 191 8, |10.24 | & 85816180 | 719 | .089 023k | .00h35 6.33 .010 | 4.10 2,550
~1.192 Sy 10.2k | k| 6.36]|16] 8.0 50.9 .0899 | 0269 0051k 10.1 010 | 6.76 4,210
+ 193~ 8y 2.3 | 2| e.e6| 16| 8.0 | 18.075 ki .1aks | 088 | 0067 37.05 - ..010 [16.00 - -] 9,540
1ok 8 | 5.2h | B| 6.48|10f .62 37.k .09k | (0208 [ .0D466 12.15' L0115 2.90 4,010
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TABLE I - Concluded.

Bpoci | BEIE- | prumg ,)s’e' ol e |2 (e | o | o (om;)’h /%l[@]# t | Mmay |Toex
_495---—~~s;—-7——q-g&---"' 5.B4 | | 4.58{10) 5.621""25.8 "| 0.0947 | 0.0266 | ©0.00533 -80.65%10 8 0.o115( kom0 6,78

- —1 196 Ss 5.2 | 2| 3.24|10 5.62[ 18.2 09T | (0287 | .00571 31.30 015| 6.70 9,270
11 | &, 2.62| 8| w.58|10| 5.62| 25.8 | .1166| .0208| .00s58 21.60 15| 5.10 7,050
-4-198 B, 2.&| ¥| 3.24/10] 5.62| 18.2 1166 | L0266 | 00641 35.20 0115 7.%0 10,250
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NACA TN No. 1197 Fig. 2
LOCATION OF STRAIN GAGES ON CYLINDERS
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Fig. 3 NACA TN No. 1197
NOTE: All drawings are twice actual size
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NACA TN No. 1197 rig. 4
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Fig. 13
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Figure 14.~ Fallure of a specimen with

16-inch frame spacing.
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Figure 15.~ Failure of a specimen with 3-inch frame spacing.
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Figure 16.~ Failure of a specimen with B8-inch frame spacing.
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Figs. 30,31

HACA TN No. 1187

1

'SOLLAYNOYSY W04 TILLINWOD _ |

T T T T T

'AUOSMAY TYNOLLVN

a
2

. )
o 3
HEE
J

o ]
(.2

&N

401 X eqf - Ysur wh »:vwo.p ponddy

/ Q
T DN -
747&% /M/
// 9 o /7.”.771 d/:/...
Pt umouza/ ///o LN
,/o// LS N o
S o i by ﬂiVo/ o]
m N QOO . /O/ O/. djz
» 2
w. BRNERN
. uvm » /o/ /olOl.dldl‘p
+ AY (/J
o
£ R
5 .
_ I R
$ .

Strain wm mch eh ~ ) .
FIGURE 20. Tult~ 67. & nihig

4_ _ T T T 1T T 1T T° .w
. 'SHLNVNOYIV %03 TILLINWOD | _
! AUOSIAQGY TYNOILYN N
] . -
I : o
[a ] = s _|
§ 3
_ gl 3
o
_? Ns/v/ a
T 7 o @
1l N _ e
EE omﬁ
i T R
s v
I /_ i 7
_ & > 00
| EANEEA I AN
e AN N i N //
_ /._// o Ky /
S e T
_ N[y AN N <
RN v_./ oo/r./ b I
BN N N
_ S uno / i 4
1 &\. NG _0 ? ] ™. [[
I o, A 4 N
4 (7
| M.We/_ .-
3 Mt . -
3 .
e ™~
£ N N
L+ N
3 )
| Be
1 i —
¥ ) ] L 2] [ o

401 X fai -ydou w 2abioy payddy

Stroin in \nches per Inch
FIGURE 2I. .



'SJILLAVNOYIV 04 JILLINWOD "SOILAYNOYIV ¥04 JILLINKOD

Figs. 22,23

AYOSIAQGV TYNOILYN AYOSIAQY TYNOILVN [

—-'.oooa]'—

t_‘__"__,_

Spe.cimen No. 194

&
XA
i
Specimen No. 196

=

P i

FIGURE 23.

Stroin in inches per inch

NACA TN No, 1197

| 5 [TRS
: £ _m/ﬂ//a/ /// 9% g sgi
“ ] | // n / 1702 o
| 94 LN ///./ -
£ °N > o
| PRI // B
| AN AN AN __
_ g [N // RN
i
N
“ & _ \ ///N < Oolw a.oZl%wc
| SRR A/,¢ W =
| i }7 v NG
Y : Ll % 48N 2bpg '
| | NN N [~ ™
3 _ N
nm_ll.wlkf ,v_ > 9%
0 /o, . : 3 ; /J.H.woo 2y
Im ememv WA /9/ —3 : / 5 °
£ PINL = : N ST
_ LN o Mmﬁ ~o ] N
_ ™~ 2 / : |
q - b4 ) /..IM 10 _ SN
_

T ,
/mV__...*«_z 79, oy
4 d

¢ Ol X sdL-yaur 9nbuaa) pajddy P E— r: o
.vo_x 2q4 - oW ul 2nbag) panddy



"NACA TN No. 1197
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FIGURE 25.
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Figs. 36,37 ] Applied NACA TN No. 1187
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Figs. 40,41 o~ ! NAQA TN No. 1197
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Figs. 48,49
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Figs. 54,55
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Figs. 58,59

12,000 A\\
£/16000 \ @ — 16-Inch — Radius Specimens
(=
}‘” A  |0-lnch- Radius Specimens
g \
8,000
£
(/]
(]
o
Y 6000
5 \
[+
£ -
7 \
& 4,000 %
[-] .
£ \F
.5- N
L ]
2,000 T~ L
\
-9\\
o 20 30 0 80 100 120 140
vba R¥4
1.3 T
/ 0796~ |- .3§6 [~ +
/ A7 777272 7. VI IITIIINY. *
/ v, —

%, N
; N \\\
9 \ < XE\
AN ™ [~ t=0.010—
5 \ \\\QS t0.012
: \<<~—— 150-0;:
' [+-0.020

4 5
W,— ncheg,
FIGURE 59.
~ NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.




Figs. 60,81
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